Recently developed correlation consistent basis sets for the first row transition metal elements Sc-Zn have been utilized to determine complete basis set ͑CBS͒ scalar relativistic electron affinities, ionization potentials, and 4s 2 3d n−2 -4s 1 d n−1 electronic excitation energies with single reference coupled cluster methods ͓CCSD͑T͒, CCSDT, and CCSDTQ͔ and multireference configuration interaction with three reference spaces: 3d4s, 3d4s4p, and 3d4s4p3dЈ. The theoretical values calculated with the highest order coupled cluster techniques at the CBS limit, including extrapolations to full configuration interaction, are well within 1 kcal/ mol of the corresponding experimental data. For the early transition metal elements ͑Sc-Mn͒ the internally contracted multireference averaged coupled pair functional method yielded excellent agreement with experiment; however, the atomic properties for the late transition metals ͑Mn-Zn͒ proved to be much more difficult to describe with this level of theory, even with the largest reference function of the present work.
I. INTRODUCTION
The systematic application of highly accurate ab initio methods has become nearly routine for the calculations of thermochemistry, structure, and spectra of molecules containing main group elements ͑see, for instance, Refs. 1 and 2 and references therein͒. Generally most techniques of this kind include calculations of the total energy with the singles and doubles coupled cluster method with perturbative triples ͓CCSD͑T͔͒ in a series of correlation consistent basis sets with subsequent extrapolation to the complete basis set ͑CBS͒ limit. Secondary additive corrections are then often employed, including higher level treatments of electron correlation ͑i.e., full triples and quadruples͒, scalar relativity, spin-orbit coupling, etc. Certainly this approach is strongly based on the development of both the ab initio methods for accurate treatment of electron correlation and systematically convergent basis sets that are now widely available for the main group elements.
When trying to apply the same systematic approach to compounds containing transition metal elements, however, one faces two primary obstacles. On the one hand the correlation consistent basis sets that are essential for high-quality thermochemistry predictions are not generally available for all of the transition metal elements. In our previous work we began to address this issue by generating all-electron nonrelativistic and relativistic ͑Douglas-Kroll-Hess͒ correlation consistent basis sets for the first row transition metal elements Sc-Zn ͑Ref. 3͒ and pseudopotential-based correlation consistent basis sets for transition elements of groups 11 ͑Cu, Ag, Au͒ and 12 ͑Zn, Cd, Hg͒. 4 The second obstacle is the difficulty of accurately treating electron correlation in molecules containing transition metal atoms. The computation of electron correlation effects in such species can be complicated. This is partly due to the larger number of electrons needed to be taken into account compared to main group elements, especially if one is interested in core-valence correlation corrections, and partly due to the presence of strong multireference character in the wave functions of many transition metal compounds. The bonding in transition metal species quite often involves the mixing of different electronic states of transition metal atoms, both neutral and ionic ͑see, for example, Ref. 5͒. Therefore, detailed knowledge of electron correlation effects in atoms, focusing on the intrinsic errors of different approximations for the description of excitation energies, ionization potentials, and electron affinities, could provide useful insights for molecular calculations. The problems concerning the treatment of electron correlation in the first row transition metal atoms Sc-Zn have been previously examined in a number of publications. 3, [6] [7] [8] [9] [10] Some general conclusions drawn in these works includes the following assertions.
͑1͒ Sophisticated single reference methods ͓QCISD͑T͒,
CCSD͑T͔͒ are adequate for the description of energy separations and ionization potentials in Sc-Zn, whereas the simple singles and doubles configuration interaction ͑CISD͒ method performs poorly. ͑2͒ For multireference methods ͑MCSCF, MRCI, CASPT2͒ it was concluded that the reference space should include configurations describing 4s angular and 3d radial correlation, i.e., the active space should include 4p and 3dЈ orbitals. ͑3͒ Core-valence and core-core electron correlations involving the outer-core 3s3p orbitals were also found to a͒ Electronic mail: nick@mail.wsu.edu b͒ Author to whom correspondence should be addressed. Electronic mail: kipeters@wsu.edu be very important for the accurate description of Sc-Zn atomic properties.
The main goal of the current study is to analyze the electron correlation treatment in benchmark calculations of excitation energies, electron affinities, and ionization potentials of the 3d transition metal atoms. Two techniques of treating the electron correlation problem are considered: single reference approaches via the coupled cluster series CCSD→ CCSD͑T͒ → CCSDT→ CCSDTQ and a multireference approach via the internally contracted averaged coupled pair functional ͑ACPF͒ method with systematic extensions of the reference function. This latter method was chosen over MRCI due to its approximate size extensivity. The main difference of the current work from the majority of the previous studies is the use of a series of systematically convergent basis sets with subsequent extrapolation to the CBS limit. This effectively removes the errors due to incompleteness of the basis set and allows for an estimation of the errors intrinsic to the applied method. In addition, all calculations of the present work employ the Douglas-Kroll-Hess Hamiltonian for the accurate treatment of scalar relativistic effects. Our previous work on these atoms, 3 which first reported the basis sets used in this work, also employed CBS extrapolations but was limited to the Hartree-Fock ͑HF͒ and CCSD͑T͒ levels of theory. The results of the present study will hopefully provide additional references for future high level ab initio calculations of the thermodynamic and spectroscopic properties of molecules containing transition metal elements.
II. DETAILS OF CALCULATIONS

A. Basis sets
The current work utilizes the series of relativistic ͑Douglas-Kroll-Hess͒ correlation consistent basis sets developed in our previous work:
3 regular cc-pVnZ-DK and augmented aug-cc-pVnZ-DK sets ͑n = T, Q, 5͒ for treatments of 3d4s valence electron correlation and weighted core-valence ͑aug-͒cc-pwCVnZ-DK sets for the treatment of valence and 3s3p outer-core electron correlation. The CBS limits were estimated by both a three-parameter mixed exponentialGaussian formula
with the use of all three energies with n =3-5, and the twoparameter extrapolation formula 12
͑2͒
that utilizes energies with n = 4 and 5. The best estimate for the CBS limit was determined as an average of results obtained with Eqs. ͑1͒ and ͑2͒. The spread in these two values is expected to provide conservative estimates of the uncertainties in the extrapolations. The resulting average uncertainties were ±0.08, ±0.05, and ±0.10 kcal/ mol for the excitation energies, ionization potentials, and electron affinities, respectively, at the CCSD͑T͒ level of theory. Due to program limitations, some of the calculations, i.e., CCSDTQ, were not feasible even with triple-basis sets. Therefore the cc-pVTZ-DK sets were reduced to ccpVDZ-DK sets by removing the last atomic natural orbital ͑ANO͒ contraction in the s, p, and d shells, as well as the single g function. The two f-type functions from the tripleset were contracted to one according to the coefficients of the CISD natural orbitals averaged over the densities of several electronic states ͑see details of the basis set construction in our previous work 3 ͒. The unmodified spdf diffuse functions from the aug-cc-pVTZ-DK set were then used to form an aug-cc-pVDZ-DK basis set.
B. Relativistic effects
Scalar relativistic effects for the ionization potentials, excitation energies, and electron affinities of Sc-Zn have been found to be very significant ͑see Refs. 3, 13, and 14͒. Many previous calculations of the atomic properties of Sc-Zn utilized either the scalar relativistic corrections found as expectation values of the mass-velocity and Darwin terms of the one-electron Pauli operator at the numerical HF level of theory, 13 or as differences of energies calculated in numerical HF and Dirac HF calculations.
14 In more recent studies 3, 9 the relativistic corrections to the atomic properties were estimated in Douglas-Kroll-Hess 15 ͑DK͒ calculations with the CCSD͑T͒ method. 16 These studies indicated that the coupling between electron correlation and relativistic effects can be very important. According to results of our previous calculations, 3 the contributions of electron correlation to the scalar relativistic effects are minor for the 4s 2 3d n−2 -4s 1 3d
n−1 separation energies ͑only up to 0.23 kcal/ mol͒ but significant for the ionization potentials ͑up to 1.5 kcal/ mol͒ and electron affinities ͑up to 2 kcal/ mol͒. Hence, all of the correlated calculations of the present study included DK scalar relativistic effects. It should be noted that all of the experimental values cited in the present work have had the effects of spin-orbit coupling removed by appropriate j averaging using the accurate experimental spin-orbit splittings ͑see Ref. 3͒.
C. Coupled cluster calculations
The total energies of the ground and first excited states of the neutral atoms, the ground states of the cations, and the ground states of the anions were calculated by a composite approach:
where the first term in Eq. ͑3͒, E val CCSD͑T͒ , is the valence-only, Douglas-Kroll relativistic CCSD͑T͒ total energy at the CBS limit obtained in our previous study. 3 In these calculations, the atomic orbitals were fully symmetry equivalenced in state-averaged restricted open shell HF ͑ROHF͒ calculations. The second and third terms in Eq. ͑3͒, ⌬E T-͑T͒ and ⌬E Q-T , respectively, involved CCSDT and CCSDTQ calculations 19 and employed the string-based MRCC program of Kállay 20 interfaced to MOLPRO. In these cases the DK Hamiltonian was also used in conjunction with the same symmetry equivalenced core orbitals as in the CCSD͑T͒ calculations. The term ⌬E T-͑T͒ was calculated as the energy difference between the valence-correlated CCSDT and CCSD͑T͒ energies with the aug-cc-pVTZ-DK basis sets, while ⌬E Q-T represents the contribution due to iterative quadruple excitations, CCSDTQ-CCSDT, calculated with the aug-cc-pVDZ-DK basis sets. An estimate of the full configuration interaction ͑FCI͒ limit with the aug-cc-pVDZ-DK basis set was then obtained by carrying out a continued fraction ͑cf͒ extrapolation 2,21 using the series CCSD, CCSDT, and CCSDTQ ͑all using the aug-cc-pVDZ-DK basis set͒. The energy difference between the FCI͑cf͒ value and CCSDTQ yields the term ⌬E FCI .
Finally, the last term in Eq. ͑3͒, ⌬E CV , represents the contribution of correlating the 3s3p outer-core electrons at the CBS limit, which was obtained in our previous study. 3 Both the valence-only and core-valence energies were calculated at the CCSD͑T͒ level of theory with DK weighted corevalence correlation consistent basis sets, cc-pwCVnZ-DK ͑n =T,Q,5͒ or aug-cc-pwCVnZ-DK ͑n =T,Q,5͒. The respective CBS limits were determined as described above.
D. Multireference ACPF calculations
All multireference calculations were carried out with the MOLPRO program at the internally contracted ACPF level of theory. 22 The valence-only correlation calculations were performed with the series of aug-cc-pVnZ-DK basis sets and the CBS limits were determined as described above. Three sets of ACPF reference functions were considered: 3d4s, 3d4s4p, and 3d4s4p3dЈ. The orbitals used in these calculations were obtained by the CASSCF method with state averaging of all symmetry degenerate components of the electronic terms. In order to more accurately compare to the coupled cluster calculations, the ͓1s-3p͔ core orbitals were frozen and taken from corresponding state-averaged ROHF calculations. In the case of the 3d4s and 3d4s4p active space calculations, the ACPF reference function was also of the complete active space type, i.e., a FCI within the active space. In calculations with the largest 3d4s4p3dЈ active space, however, all configuration state functions ͑CSFs͒ that contained more than two electrons in the 3dЈ orbitals were excluded from the reference function. Even with these restrictions in place, the final valence-only ACPF wave functions for the late transition metal atoms with this reference function were very extensive. For example, in the case of the Cu atom with the aug-cc-pV5Z-DK basis set, the internally contracted ACPF wave function consisted of more than 30 ϫ 10 6 variational parameters, which would correspond to more than 1.5ϫ 10 9 CSFs in a standard uncontracted ACPF calculation.
The calculation of the outer-core 3s3p electron correlation energies were carried out with the aug-cc-pwCVnZ-DK basis sets, n = T, Q, 5. These contributions were determined as the differences between the total energies obtained with a 3s3p3d4s4p reference function and a 3d4s4p one. In the former case, the 3s3p orbitals were constrained to be doubly occupied in all reference CSFs. As in the valence-only calculations, the orbitals were determined at the CASSCF level with the 4s3d4p active space with frozen 1s-3p orbitals obtained in state-averaged ROHF calculations. 
III. RESULTS AND DISCUSSION
A. Valence-only correlation
Coupled cluster methods
The results of calculations with coupled cluster methods are collected in Tables I-III. The CBS limit CCSD͑T͒ and CCSD͑T͒ / CBS+ ⌬E CV results were discussed in detail in our previous work. 3 In general the CCSD͑T͒ method is capable of obtaining these excitation energies and ionization potentials to within chemical accuracy ͑1 kcal/ mol͒; however, the electron affinity proved to be much more challenging. The CCSD͑T͒ values for the electron affinities of first row transition metals, even after including core-valence correlation effects, differed from the experimental values by as much as 2.5 kcal/ mol. As a result, the Ti atom was found to not bind an electron at this level of theory. The exceptions were the Ni and Cu atoms, where the CCSD͑T͒ electron affinities differed from their experimental values by just a few tenths of a kcal/mol. It should be noted at this point that all of the neutral and cationic atomic states of this study are relatively well described by single determinant wave functions, e.g., the largest CCSD T 1 diagnostic was just 0.041 ͑Mn 4s 1 3d 6 excited state͒. Most of the anions had somewhat larger T 1 values, ranging from 0.087 ͑Ti − ͒ to 0.055 ͑Cu − ͒. Generally the larger values were exhibited by the early 3d metals. Not surprisingly these are reflected in the relatively large iterative triples and quadruples contributions to the electron affinities discussed below. The suitability of CCSD͑T͒ ͑as well as CASPT2͒ for the excitation energies of these systems has also recently been confirmed by Raab and Roos 10 using new ANO basis sets intermediate in size between the present cc-pVTZ-DK and cc-pVQZ-DK.
In the case of the 4s 2 3d n−2 -4s 1 3d n−1 excitation energies shown in Table I , the contributions due to triple excitations are calculated to gradually increase across the 3d series. For the earliest metals Sc-V, connected triples slightly stabilize the 4s 2 state, while for the remainder of the series, particularly the late metals Mn-Cu, they strongly stabilize the 4s 1 state. Inspection of the ⌬E T-͑T͒ values reveals that the ͑T͒ correction tends to slightly underestimate the differential full iterative triples contributions to ⌬E for Sc-V and overestimate those for the other elements, particularly Ni and Cu. Overall the contributions of iterative quadruple excitations to the excitation energy are relatively small, ranging from essentially zero for the early transition metals to just −0.22 kcal/ mol for metals with more than a half-filled 3d shell. In this latter case connected quadruples also favor the 4s 1 states of the atoms, i.e., those states with more d electrons and hence larger d-d correlation energies. As seen in Table I , higher excitations beyond CCSDTQ are predicted by the continued fraction approximation to be completely negligible for this particular property.
A similar pattern for the contributions of triples and quadruples is observed for the ionization potentials ͑Table II͒. For the atoms Sc-Ni the ⌬E T-͑T͒ corrections are positive, i.e., the CCSDT ionization potentials ͑IPs͒ are larger than the CCSD͑T͒ ones, while the corrections for iterative triples in the cases of Cu and Zn are small and negative. The contributions due to iterative quadruple excitations, ⌬E Q-T , are all smaller in magnitude than 0.22 kcal/ mol. Interestingly, the coupled cluster series appears at first to be not particularly well behaved for the ionization potentials of the Co and Ni atoms; the total connected triples contributions are +0.21 and −0.12 kcal/ mol for Co and Ni, respectively, while the total connected quadruples contributions are −0.15 and −0.22 kcal/ mol. This is counter to the usual observation that the differences between results calculated with CCSDT and CCSDTQ are about an order of magnitude less than the difference between CCSD and CCSDT values. Inspection, however, of the individual correlation energies of the neutral atoms and their cations does not show anything unusual. In fact, employing the continued fraction approximation to FCI yields a FCI-CCSDTQ correction to the IPs of both Co and Ni of just −0.01 kcal/ mol. Inclusion of the corrections for iterative triples and quadruples for the electron affinities does lead to significant improvement in agreement with experimental data for all of the 3d atoms. This is not surprising since all of the first row transition metal atoms, with the exception of Cu, bind an electron only due to electron correlation effects ͑Mn and Zn do not bind an electron͒. The connected triples contributions to the electron affinities ͑see Table III͒ are much larger compared to those for both the excitation energies and ionization potentials. Thus, the CCSDT-CCSD͑T͒ corrections for this property are also much larger, reaching +1.45 kcal/ mol for the Ti atom ͑the negative ion of which also has the largest T 1 diagnostic͒. As in the case of the electronic excitation energies and ionization potentials, the perturbative treatment underestimates the contributions of triple excitations in most cases; it is overestimated only for Ni and Cu. The corrections due to iterative quadruples are also larger for the electron affinities than for the other two atomic properties, ranging from 0.15 to 0.53 kcal/ mol. All of the connected quadruples contributions to the electron affinity ͑EA͒ are positive and bring the final theoretical estimates for the electron affinities closer to their experimental values. Last, the FCI-CCSDTQ estimates are still very small, being appreciable only for the EA of Ti atom, where higher excitations are predicted to increase the EA above the CCSDTQ result by 0.06 kcal/ mol.
Multireference approach
Tables IV-VI display the CBS limit ACPF results for the excitation energies, ionization potentials, and electron affinities, respectively. The convergence of these atomic properties with systematic expansion of the correlation consistent basis sets is not explicitly shown in this work since it was very similar to that observed with the CCSD͑T͒ method. 3 Figures 1-3 display the errors with respect to experiment of these ACPF atomic properties together with the CCSD͑T͒ values of Tables I-III, both for valence correlation only. For the early transition metals, Sc-Cr, the error patterns for the ACPF results are very similar to those at the CCSD͑T͒ level of theory. In general, much more variation with the ACPF reference function is observed for the late transition metal elements.
The trends of the ACPF results with respect to the underlying reference function can be rationalized based on the previous study of Botch et al., 7 which was carried out primarily at the MCSCF level of theory. As discussed in detail in that work, there are three categories of correlation effects that impact the atomic excitation energies: 4s 2 pair correlation, d
2 pair correlation, and sd correlation. Angular correlation of the 4s electrons primarily involves the 4p orbitals and should favor the 4s 2 states. As can be seen in Fig. 1 , addition of the 4p orbital to the ACPF reference function slightly stabilizes the 4s 2 states in every case except Ti. Note that this leads to worse agreement with experiment in these cases compared to just the 3d4s results, especially for the late metals. Botch et al. 7 also noted that the dominant correlation effect for the d electrons is radial correlation involving 4d or 3dЈ orbitals. This has also been referred to in the literature as the double shell effect. 8 The correlation of these d 2 pairs will favor those states with the most d electrons, i.e., the 4s 1 states. As can be seen in Fig. 1 , addition of the 3dЈ orbital to the active space decreases the state separation in every case; the largest effects, 2 -4 kcal/ mol, are observed for Fe-Cu. These final valence-only correlated values track well with the accurate CCSD͑T͒ results across the row, being within a few tenths of a kcal/mol for Sc-Mn. However, differences of 1 -2 kcal/ mol are still evident for the late metals Fe-Cu. In the case of the ionization potentials, the addition to the reference function of the 4p orbitals is also predicted to stabilize states with a doubly occupied 4s orbital in comparison to the 3d4s calculations. As shown in Fig. 2 the impact of the 4p orbitals in the reference function is small for the early metals, but the IPs of Fe-Zn are all increased by a kcal/mol or more compared to the 3d4s values. The effect for Cu is slightly smaller but this is presumably due to the 4s 1 ground state in this case. It should be noted that for both Co and Ni, which both have 4s 2 3d n−2 neutral ground states and 4s 0 3d n−1 cations, the larger 3d4s4p values compared to the 3d4s ones result in larger deviations from experiment. As expected, the addition of the 3dЈ orbital to the reference function increases in importance from left to right due to the increase in the number of d electrons. Ionization of V, Co, and Ni involves an increase in d occupation in the cation compared to the neutral, and particularly for Co and Ni the 3d4s4p3dЈ ionization potentials are much lower than the 3d4s4p values, resulting in much better agreement with experiment and the CCSD͑T͒ values. In fact, the ACPF 3d4s4p3dЈ ionization potentials are all within 1 kcal/ mol of the CCSD͑T͒ results, except for Cu where the difference is about 1.6 kcal/ mol.
The ACPF results for the electron affinities are shown in Table VI and Fig. 3 . In this case much more variation with reference function is observed, and relative to the 3d4s values the additions of 4p and 3dЈ orbitals both increase the EA in all cases. For the early transition metals, inclusion of 4p orbitals in the reference is slightly more important in increasing the EA than the 3dЈ. The 3dЈ orbitals in the reference make large contributions to the EA for the late metals Fe-Ni. Note that for Ti, V, and Cr the ACPF 3d4s4p3dЈ electron affinities are closer to experiment than the CCSD͑T͒ values by 1.8, 0.8, and 0.55 kcal/ mol, respectively. This is presumably due to the relatively large T 1 diagnostic for these anions as mentioned above. The best ACPF values for V and Cr are comparable to the CCSDT results, while iterative quadruples are required to approach the ACPF 3d4s4p3dЈ EA for Ti ͑the Ti anion had the largest T 1 diagnostic͒.
In the case of the electron affinity of Sc, two bound anion states ͑ 1 D u and 3 D u ͒ were reported in a previous spectroscopic study 23 and both involve electron attachment into the 4p orbital. It was not possible to treat either of these two states by single reference coupled cluster methods. In this case the effects of adding a 3dЈ orbital to the reference function are very modest, −0.3 kcal/ mol for the singlet anion and +0.6 kcal/ mol for the triplet. After inclusion of 3s3p correlation ͑see below͒, the ACPF results differ by just +0.02
͒ from the experimental electron affinities, which have reported uncertainties of ±0.46 kcal/ mol. It should be noted, however, that unlike the other cases in this work, spin-orbit coupling effects have not been removed from the experimental value of the triplet state due to the lack of experimental fine structure data.
B. Addition of 3s3p correlation and comparison to experiment
As also noted by Botch et al., 7 dynamic electron correlation of the 3s and 3p electrons should favor the states with the most 3d electrons since the 3d and 3s3p electrons interact the strongest. As shown in Fig. 4 , which plots the CCSD͑T͒ and ACPF CBS limit core-valence effects, 3s3p correlation strongly stabilizes the neutral atom 4s 1 3d
n−1 states compared to the 4s 2 3d n−2 ones, leading to smaller excitation energies. Except for V, Co, and Ni, whose cations have a larger 3d occupation than their neutrals, core-valence correlation increases the ionization potentials via stabilization of the neutral atom. Similarly, the electron affinities of all the 3d metals except Cr and Cu are increased upon 3s3p correlation since the additional electron occupies the 3d shell. As shown in Table VI , the EA of Sc is decreased upon core-valence correlation. Obviously, and as mentioned in previous work, 3s3p correlation is essential for accurate results involving both early and late transition metal atoms.
It is also of interest to compare the results for corevalence correlation obtained with the CCSD͑T͒ and ACPF methods. Note that the 3dЈ orbitals were not included in the ACPF active space for the calculation of the core-valence energies and the 1s-3p orbitals were identical in both the ACPF and CCSD͑T͒ treatments. The mean absolute differences ͑MADs͒ in 3s3p correlation contributions found with the two methods are 0.55 kcal/ mol for excitation energies, 0.45 kcal/ mol for ionization potentials, and just 0.15 for the electron affinities. The maximum differences, however, ranged as high as 1 kcal/ mol. As shown in Tables IV-VI, if the CCSD͑T͒ ⌬E CV values are combined with the valenceonly ACPF 3d4s4p3dЈ results, lower average errors with experiment are obtained compared to the all ACPF results ͑MADs of 1.06 vs 1.47 kcal/ mol for ⌬E's and 0.55 vs 0.66 kcal/ mol for IPs͒. This would seem to imply that for these systems the CCSD͑T͒ core-valence effects are probably the more accurate quantities on average, at least for the excitation energies and ionization potentials and especially for the late metals. This could be due to the inclusion of higher level correlation effects in the CCSD͑T͒ wave function compared to ACPF for these cases. The differences in ⌬E CV for the case of the electron affinities are nearly negligible across the row.
Figures 5-7 plot the errors with respect to experiment for CCSD͑T͒, the composite coupled cluster method ͑i.e., approximate FCI͒, and the ACPF values with the 3d4s4p3dЈ reference function for the electronic excitation energies, ionization potentials, and electron affinities, respectively. All of these results include the same CCSD͑T͒ core-valence corrections from Tables I-III. For the early transition metals, all three methods yield results with errors at or below 1 kcal/ mol. Overall errors of the composite coupled cluster method ͓CCSD͑T͒ + ⌬E T-͑T͒ + ⌬E Q-T + ⌬E FCI + ⌬E CV ͔ for the 4s 2 3d n−2 -4s 1 3d n−1 separations are just 0.12-0.61 kcal/ mol. These are nearly constant at ϳ0.6 kcal/ mol between Mn and Cu. Those for ACPF are very similar in the case of the early metals, but for Mn-Cu the errors rise monotonically to over 2 kcal/ mol.
The final results for the coupled cluster ionization potentials of Sc, Ti, Mn, Fe, Cu, and Zn are within 0.2 kcal/ mol of experiment, while for the atoms V, Cr, Co, and Ni the final errors are somewhat larger, up to 0.83 kcal/ mol for cobalt. The ionization processes in all four of these latter species involve the transfer of an electron from the 4s to the 3d orbital and hence involve larger differential correlation effects. Inaccuracies in the CCSD͑T͒ core-valence correlation correction or the separation of spin-orbit effects from the experimental values could also contribute to these discrepancies. The errors in the ACPF IPs mirror those of the composite coupled cluster results; however, the ACPF errors are smaller for Cr and larger for Co-Zn. In particular, the ACPF 3d4s4p3dЈ ionization potential errors are slightly above 1 kcal/ mol for Co-Cu. The differences between the composite coupled cluster electron affinities and experiment are all less than 0.5 kcal/ mol. Both iterative triple and quadruple excitations were critical in these cases for obtaining this level of accuracy. The remarkably good results for the electron affinities of Ni and Cu obtained previously with just the CCSD͑T͒ method 3 can now be explained by a near perfect cancellation of the corrections for full iterative triple and quadruple excitations. The final ACPF electron affinities have errors of just 0.5-0.7 kcal/ mol for the early metals Ti-Cr ͑only 0.02 kcal/ mol for Sc as noted above͒, but are significantly larger for the late metals Fe-Cu, ranging from 1.1 kcal/ mol for Cu to 3.1 kcal/ mol for Ni.
IV. CONCLUSIONS
Benchmark quality excitation energies, ionization potentials, and electron affinities of the 3d transition metal atoms have been determined at their DK relativistic, CBS limits using a hierarchy of coupled cluster and multireference ACPF wave functions. After inclusion of 3s3p correlation effects, the composite coupled cluster approach yielded uniformly high accuracy with errors less than 1 kcal/ mol in all cases. Inclusion of iterative triple and quadruple excitations was found to be critical for an accurate treatment of the electron affinities. Further insight into the correlation problem was provided by the ACPF results, which included reference functions involving 3d4s, 3d4s4p, and 3d4s4p3dЈ orbitals. In this case the basic 3d4s reference function calculations yielded agreement with the best coupled cluster results to within about 1 kcal/ mol for the excitation energies and ionization potentials of the early transition metal atoms Sc-Cr, but differences of up to 6 kcal/ mol for those elements having doubly occupied 3d orbitals. Including a set of 4p functions in the ACPF reference function generally led to non-negligible changes in all the calculated properties but generally led to worse agreement with experiment for the excitation energies and ionization potentials compared to the smaller 3d4s reference. As noted in previous work, accurate results for the late transition metal atoms required a set of radially correlating 3dЈ orbitals in the active space. While these calculations decreased the errors in some cases by as much as 4 kcal/ mol compared to the 3d4s4p results, the final errors relative to experiment still reached as high as 2 -3 kcal/ mol.
While the present results are very encouraging in regard to the high accuracy of standard coupled cluster approaches for the 3d transition metals, the outlook for multireference methods, which are often essential for molecules containing metal atoms, is seemingly not quite as bright when late transition metals are involved. In most molecular cases, including an extra set of d-type correlating orbitals into a MRCI or ACPF reference space is not computationally feasible unless more approximate methods such as CASPT2 are utilized. Then one must still rely on some type of error cancellation to obtain the high accuracy that can be commonly obtained in main group calculations. In addition, both 3s3p correlation and scalar relativity must be included if chemical accuracy is to be achieved.
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